We investigated experimentally as well as theoretically the ultrafast response of the wave function of the conduction band (CB) of Si and Zr to a near-infrared laser field using extreme ultraviolet (XUV) absorption 1 spectroscopy in the spectral range of 80-220 eV. The measured dynamics of the XUV transmission demonstrates that the wave function of the CB follows the electric field of the dressing laser pulse. In these terms, laser dressing was earlier mainly studied on gases. Measurements with two-femtosecond and 200-attosecond temporal steps were performed in the vicinity of the Si L 2,3 edge near 100 eV, the Si L 1 edge near 150 eV, and the Zr M 4,5 edge near 180 eV. The observed changes were dependent on the core states being excited by the XUV probe pulse. At the 2p to CB transitions of Si, the XUV transmission increased via the effect of the dressing laser pulse, while at the 2s to CB transition of Si and the 3d to CB transition of Zr, the XUV transmission decreased. Furthermore, beats between the transition from 2p 1/2 and 2p 3/2 levels of Si and from 3d 3/2 and 3d 5/2 levels of Zr were observed with 20.7 fs and 3.6 fs periods.
I. INTRODUCTION
Time resolved x-ray absorption spectroscopy (XAS) and The spectroscopy of laser-dressed materials is a unique 31 branch within x-ray spectroscopy. It measures the response of 32 the electronic system of materials to the field of the pump 33 laser itself [2] without electron excitation and subsequent 34 absorption of the pump. Consequently, it provides information 35 about the processes within an optical period of the laser pulse 36 with femtosecond and subfemtosecond temporal resolution 37 [3] . Theoretically, it is described as the manipulation of 38 the electron-wave-packet dynamics of the unoccupied and 39 occupied electronic states of the material [4] . 40 For atomic and molecular gases such as argon [5] , neon 41 [6] , helium [7, 8] , N 2 [9] , Br 2 [10] , and hydrocarbons [11] , probe [3, [12] [13] [14] were the subject of fewer studies. Besides 47 the change in absorption, Stark shift in He [15] and Ar [5] , 48 Rabi oscillations [16] in Ne, line broadening [5] , and quantum 49 beats [17, 18] were recognized in the recorded XUV or photo-50 electron spectra.
51
Besides the basic processes and interactions in atoms 52 and molecules, understanding multiparticle correlation and 53 * enikoe-judit-seres@lycos.com associated phenomena in solids is a key factor in material 54 science. In our paper, we demonstrate the laser field dressing 55 of solid Si and Zr thin films and examine them with core-level 56 transient absorption spectroscopy. Time resolved spectroscopy 57 of Si L-edge near 100 eV was the subject of pioneering 58 studies, reaching nanosecond [19] and later picosecond [20] 59 temporal resolution. As short as 20 fs temporal resolution 60 was achieved at the L-edge [21, 22] and at the K-edge (near 61 1.8 keV) in Si, [23, 24] and laser-excited phonons, and the 62 dynamics of interband electron excitations were measured. 63 Attosecond-scale temporal resolution was demonstrated in 64 SiO 2 dielectrics [25] , where the application of the suitably 65 high laser intensity beyond the critical field strength injected 66 electrons into the conduction band (CB). In other experiments, 67 interband electron excitation dynamics was resolved in subcy-68 cle resolution in Si [26] in a wide bandgap semiconductor of 69 GaN [27] , and photo-induced charge transfer was examined in 70 Co 3 O 4 [28] with transient XUV spectroscopy. In spite of these 71 achievements, the yet unexplored phenomena in molecules and 72 solids offer abundant challenges for scientists.
73
In the present paper, we examine thin Si and Zr films 74 dressed by the near-infrared (NIR) pulses of a Ti:sapphire laser 75 system. Contrary to earlier studies, which were focused on 76 understanding electron excitation [25] [26] [27] or charge migration 77 [28] , our aim is to observe the effect of the laser electric 78 field on the CB. For detecting the changes on the CB wave 79 function, the delay dependence of the XUV transmission 80 from different core levels to the CB is measured, namely, 81 the 2p and 2s to CB transitions of Si in the vicinity of 82 100 eV and 150 eV, respectively, and the 3d to CB transitions 83 of Zr in the vicinity of 180 eV. Both the slow change in 84 transmission caused by the envelope of the dressing laser 85 pulse, the fast change due to its electric field carrier, and the 86 quantum beats with 20.7 fs and 3.6 fs periods between the 87 transitions from 2p 1/2 and 2p 3/2 levels of Si and from 3d 3 the vacuum and adequately blocking the laser beam and the 123 low energy part of the XUV beam. While the calculated cutoff 124 energy of the harmonics was ∼300 eV, the measured spectra 125 extended to about 230 eV, as can be seen in the inset of 126 Fig. 1(d) , and it was limited also by the transmission of the 127 Zr foil. The beam profiles of the laser beams in the focus 128 of the mirrors and the ones of the harmonic XUV beam at 129 the entrance of the XUV spectrometer were measured and 130 are plotted in the insets of Figs. 1(a)-1(c), respectively. Two 131 measured XUV spectra are also shown in the inset of Fig. 1(d) , 132 which correspond to the two different filters inserted into the 133 XUV beam in the case of a Ne backing pressure of 1.6 bars. 134 The blue line is the spectrum with the Zr foil (Zr+Zr) and the 135 red one with the Si foil (Si+Zr). The measured XUV spectra 136 extend from ∼70 eV to ∼230 eV. Also in the inset of Fig. 1(d) , 137 one can observe that the transmitted XUV spectrum after the 138 Si foil was stronger before the Si L-edge (100 eV) and after the 139 Zr M-edge (180 eV), as can be expected from the calculated 140 transmission curves of the foil combinations. The concentric 141 mirror pair ensured the accurate delay between the probe and 142 pump pulses, which was changed by moving the inner mirror 143 with 0.2 fs accuracy.
144

III. EXPERIMENTAL RESULTS
145
A. Studied process
146
In this paper, we examine thin solid foils by XAS. 147 For the pump-probe experiment, thin Si and Zr foils were 148 chosen because they have suitable absorption edges within 149 the generated XUV probe spectral range of 70 eV to 230 eV 150 [ Fig. 1(d) ], namely the Si L 2,3 edge at ∼100 eV, the Si L 1 edge 151 at ∼150 eV [31, 32] , and the Zr M 4,5 edge at ∼180 eV [32] . 152 We were hence able to study electron transitions from the 2p, 153 005100-2 2s, and 3d core levels to the CB of Si and Zr, as presented in 
with T 0 being the field-free transmission. In our time resolved 3 . Visualization of the core electron excitation within a laserdressed solid. The laser field modifies the periodic potential and the wave function of the CB from the original (gray solid lines) to the dressed (dashed red lines). Consequently, the probability of the XUV pulse induced core → CB transition changes. Note that the scaling of the laser field and the XUV field was modified for a better visibility because even the wavelength of the XUV field is much larger than the distance between the atoms. delay (τ ) between the NIR and XUV pulses was measured. 170 This change can be understood theoretically by means of 171 the change in the absorption cross-section σ a (τ ). The laser 172 field polarized the material, which means that the laser field 173 modified the originally symmetric periodic potential (thin gray 174 line in Fig. 3 ) to an asymmetric one (thin dashed red line). 175 Consequently, the wave function of the electronic level in the 176 CB (thick gray line) was appropriately modified (thick dashed 177 red line). Because σ a depends on the wave functions of the core 178 and CB levels, a change of the transmission can be obtained 179 [see Eq. (A18)] in the Appendix for a detailed description):
In Eq. (2), the index j = 2p, 2s, or 3d represents the core 181 electron levels involved in the electron excitation (see Fig. 2 ). 182 The sign (+) corresponds to the 2p → CB transition and 183 the sign (−) is valid for the 2s → CB and the 3d → CB 184 transitions. T j = T j,m=CB is a constant that depends on the 185 material and the involved transitions as it is defined in the 186 Appendix.
187
As seen in Eq. (2), the XUV transmission is expected to 188 be modified by three different effects, namely, (i) by a slow 189 change via the I 0 (τ ) envelope of the laser pulse; (ii) by a fast 190 modulation defined by the central angular frequency ω 0 of the 191 laser field; and (iii) by a beat signal between two alternative 192 absorption paths with = E/2 , where E is the energy 193 difference between the sublevels of the core electronic levels 194 (2p 3/2 and 2p 1/2 or 3d 5/2 and 3d 3/2 ), as shown in Fig. 2 . horizontal axis is the transform along the photon energy 232 measured in harmonic orders and gives the scale in optical 233 cycles. The vertical axis is the transform along the delay. The 234 contribution of the harmonic lines is recognizable by the peak 235 at 0.5 optical cycles, and this transform is usable to make 236 appropriate filtering in the spectral direction. In the direction 237 of the delay, a small change sits on a large dc level. To avoid 238 artifacts, another 2D Fourier transform was calculated after 239 subtracting the dc level [see Fig. 4 (c)]. On this transform, 240 the peaks of the effect of the laser electric field at 754 THz 241 and the peaks of the beat at 48 THz can be recognized. This 242 transform was used for filtering in the direction of delay. Using 243 appropriate Fourier filters, which are presented in the next 244 sections, the measurement results take the form of Fig. 4(d) . 245 In the figure, beyond the 2p → CB transition near 100 eV, 246 the effect of the pump to the 2s → CB transition near 150 eV 247 became also well visible. The effect of the beat with the 21 fs 248 period can be recognized near 100 eV. The fast effect of the 249 laser electric field with a 1.34 fs period also appears with 250 high contrast near 100 eV and 150 eV, while in the range 251 between 110 eV and 140 eV the colors are smooth; some 252 periodicity is visible only as noise with low contrast, as can 253 be expected. A small part in the range of the Si L-edge is 254 magnified and put to Fig. 4(e) . The oscillation between the 255 2p → CB and 2p → valence band (VB) transitions at the 256 effect of the laser field can be well observed as the laser field 257 induced additional absorption or transmission and switched 258 between the two absorption channels within a time of 0.67 fs. 259
C. Measurements with femtosecond resolution 260
Pump-probe measurement series were performed for Si and 261 Zr foils. The transmitted XUV spectra at a set of delays were 262 measured and evaluated around 100 eV, 150 eV, and 180 eV to 263 study the 2p, 2s, and 3d to CB transitions, respectively. The 264 delay between the dressing laser pulse and the probe XUV 265 pulse train was scanned with 2 fs temporal resolution. It is 266 clear from Eqs. (A10) and (A11) of the Appendix that without 267 a laser pump (α 1 = 0), one can expect strong absorption at 268 the 2p → CB transition and weak absorption at the 2s → CB 269 and 3d → CB transitions. This is the straight consequence of 270 the symmetry of the wave functions, namely that the wave 271 function of 2p is antisymmetric while those of 2s, 3d, and CB 272 are symmetric.
273
To follow the effect of the dressing laser, 2D Fourier 274 transforms of the measured spectra series were calculated 275 and are plotted in Figs. 5(e) and 5(f) for the direction 276 corresponding to the delay axis. In the case of Si, two 277 subsequent measurement series were recorded in different 278 delay intervals, and the calculated Fourier transforms are 279 plotted with solid and dashed blue lines in Fig. 5(e) . These 280 transforms contain the well distinguishable peak at ∼48 THz, 281 which belong to the beat between 2p 3/2 and 2p 1/2 levels. 282 The appearance of the peak at ∼14 THz (∼70 fs ) should 283 be the LO phonon in Si [33] . In the Fourier transform of the produced by phonon modes in the bulk Zr or in the oxidized 287 surface layer [34] . The beat between the 3d 5/2 and 3d 3/2 levels 288 of Zr (278 THz, 3.6 fs ) is too fast to be observed with the Fig. 5(a) ], the L 2,3 edge almost disappears.
305
To highlight this range, unfiltered raw spectral data at three 306 different delays are plotted in Fig. 5(d) . While at the delays 307 of ±50 fs , the edge is well visible and undisturbed; at 0 fs 308 delay (red dashed line), the transmission is increased just after 309 the edge and decreases just before the edge to almost the same 310 transmission value.
311
The delay dependence of the transmitted XUV signals 312 through the Si foil is plotted in Figs. 5(h) and 5(i) at 313 101 eV for the 2p → CB transition and at 147 eV for the 314 2s → CB transition, respectively, considering two subsequent 315 measurement series in different delay ranges (solid and dashed 316 green lines). At around zero delays, the transmission follows 317 the envelope of the laser pulse (black dashes line), as expected 318 from the theory, namely an increase for the 2p → CB and a 319 decrease for 2s → CB transitions were observed. At positive 320 delays in Fig. 5(h) , the transmitted signal is clearly modulated 321 by the beat (∼21 fs ) between the 2p 3/2 and 2p 1/2 levels. 322 In Fig. 5(i) , there is no beat, as expected in the case of 323 the 2s → CB transition [some residual beat can be observed 324 from the 2p to continuum transitions, though, as noted in 325 Fig. 2(b) ]. The beat in Fig. 5 (h) relaxes at ∼300 fs delay. 326 For higher delays, the laser pulse produces a long-period 327 ∼200 fs modulation (gray dashed line), which can probably 328 be associated to the TO phonon. This effect cannot be clearly 
403
In both the Si and Zr, the measured XUV spectra were 404 recorded with 200 as delay steps in two subsequent measure-405 ment series with different, partly overlapping delay ranges. 406 The surface plots in Figs Fig. 6(g) , where the two curves are shifted 421 for a better visibility], and they follow the main trend of the 422 integrated Gaussian laser pulse (dashed black line) and decay 423 after the laser pulse. The calculated difference of the signal 424 (180 eV) and the background (160 eV) is potted in Fig. 6(j) . 425 The high frequency modulation, which can be seen in every 426 evaluated delay curve in Figs. 6(h)-6(j), is the consequence of 427 the square of the electric field (carrier) of the laser pulse. 428 The slow changes of the XUV transmission are due to the 429 envelope of the pulse (black dashed lines). In Figs. 6(k)-6(m), 430 the calculated signals are presented according to the theory. 431 For the calculation, we used the modified form of Eq. (2),
and assumed that it is not possible to make a measurement 433 with full visibility of the fast oscillation V 0 and the beat 434 V b because of the limited temporal resolution and may not 435 fully be the equidistance train of XUV attosecond pulses. Fig. 4 (e) and in (c) as in Fig. 4(a) . the measurements can be recognized, which is similar on 
IV. DISCUSSIONS AND CONCLUSIONS
451
We examined the laser-dressing effects of the NIR pulses by high harmonic pulses from a source generating XUV 456 spectra in the 70-230 eV spectral range via exciting core-level 457 electrons into the conduction and observing the change of 458 the XUV transmission. Three transitions were used, namely 459 the 2p → CB and the 2s → CB transitions of Si and the 460 3d → CB transition of Zr at near 100 eV, 150 eV, and 180 eV, 461 respectively. We observed a slow change in transmission by 462 the envelope and a fast change by the electric field carrier of 463 the dressing laser pulse. The developed theory predicted an 464 increase of the transmission at the 2p → CB transition and 465 a decrease at the 2s → CB and 3d → CB transitions, which 466 were fully observed in the experiments. The theory recognized 467 this difference as the consequence of the symmetry of the CS 468 005100-7 of Economy and Competitiveness through "Plan Nacional"
499
(FIS2014-51997-R), and the Japanese Society for the Promo- 
514
Considering dipole transitions, the transition probability 515 between two quantum states of energies E j and E m when the 516 system is illuminated with a resonant laser field of frequency 517 ω, such that ω = E m − E j , is given by Fermi's golden rule 518 [36] , from which the absorption cross section can be easily 519 derived:
In Eq. (A1), ρ m E m gives the number of states within the 521 examined energy range E m , with ρ m being the density of state 8 522 (DOS) of the final state (m = CB or VB). The DOS of Si and 523 Zr can be found in several publications, e.g., Refs. [34, 35, 38] . 524 To calculate the absorption cross section in Eq. (A1) and 525 the effect of the NIR laser field, the wave functions of the core 526 and band states are obtained as follows. (i) We assume that a 527 weak XUV probe pulse moves one electron from a localized 528 atomic CS (Fig. 3, blue thick solid lines) into a delocalized 529 state of the CB (gray thick solid line in Fig. 3 ) and leaves the 530 VB unaffected. To calculate the quantum states and the wave 531 functions in the CB, we consider the single active electron 532 approximation together with an effective periodic potential, 533 which is formed by the ionic cores and the electrons of the 534 VB. The electron in the CB feels only the effect of this 535 periodic potential. (ii) We use the lattice vector expansion 536 [39] and define the periodic potential as a Fourier series with 537 the reciprocal lattice constant G = 2π/a:
where a is the lattice constant, i.e., the distance between the 539 atoms in the one dimensional lattice. The 
so that without the external field, α m = 0. An example of the 550 effect of the laser field on the periodic potential is shown in 551 Fig. 3 (red thin dotted line).
552
In order to describe the laser-dressed states in the solid, 553 we hence solve the one-dimensional Schrödinger equation 554 using the periodic potential given by Eqs. (A2) and (A3). For 555 simplicity, we consider only the first order terms m = 0, ± 1, 556 which gives
Using Bloch's theorem, near the band gap (k ≈ 0), two 558 plane-wave solutions can be obtained:
which give the normalized wave functions of the VBs and CBs 560 as 561 is antisymmetric, that of the 2s and 3d states is symmetric.
600
The corresponding normalized wave functions are 
and for the transitions 2p → VB, 2s → CB, and 3d → CB, 623
where A 2p,m = 
where ω 0 is the angular frequency of the laser, F(τ ) is the 632 strength of the electric field, and I(τ ) is the intensity envelope 633 of the laser pulse at the time that the XUV pulse arrives, so τ 634 can be considered as the delay between the XUV pulse and the 635 laser field. Substituting Eq. (A12) into Eq. (A10) and (A11), 636 we obtain
and from Eq. (1) the transmission change is
where
T 0 n a d, where j = 2p, 2s, or 3d and 639 m = CB or VB. In Eq. (A14), the sign (+) corresponds to 640 the 2p → CB, 2s → VB, and 3d → VB transitions, while 641 the sign (−) is for the 2p → VB, 2s → CB, and 3d → CB 642 transitions.
643
From Eq. (A14), we can thus make predictions of what 644 one can see in the experiments. On the one hand, without 645 the dressing laser field (α 1 = 0), Eq. (A10) predicts a strong 646 absorption (small transmission) at the 2p → CB transition 647 (∼100 eV, Si). This means that the CB is situated just above 648 the L 2,3 edge of Si within a few eV DOS spectral range. 649 [37] With the dressing NIR laser field, Eq. (A14) predicts that 650 the transmission depends on the delay τ between the XUV 651 pulse and the laser electric field. It predicts a slow increase 652 of the XUV transmission due to the envelope of the laser 653 pulse I(τ ) together with a very fast oscillation [sin 2 
where the sign (+) is for 2p → CB transition and the sign 690 (−) is for 3d → CB. In the case of Si, the energy difference 691 between the 2p 1/2 and 2p 3/2 levels is 0.4 eV, which means a 692 beat of frequency 48.4 THz or period of 20.7 fs. For the 3d 3/2 693 and 3d 5/2 levels of Zr, this gives 2.3 eV, 278.0 THz, and 3.6 fs. 694
